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Hepatitis B virus large surface protein has the unusual property of accumulating in a particulate form within a preGolgi
compartment, leading to marked proliferation of intracellular membranes. We show here that large surface protein activates
the promoters for two lipogenic genes that code for farnesyl diphosphate synthase and fatty acid synthase. This activation
is transduced, in part, by the transcription factor NF-Y. Although NF-Y is also necessary for the transcriptional induction of
chaperone proteins residing in the endoplasmic reticulum by unfolded proteins, other inducers of chaperone synthesis do
not activate the promoters for farnesyl diphosphate synthase and fatty acid synthase. Our results suggest the presence of
a novel signaling pathway from the endoplasmic reticulum to the nucleus that causes the intracellular membrane prolifer-
ation seen in the hepatocytes of persons with accumulated large surface protein particles. © 2000 Academic PressKey Words: hepatitis B virus; large surface protein; ground glass cells; farnesyl diphosphate synthase; fatty acid synthase;
NF-Y.INTRODUCTION
Hepatitis B virus (HBV) is an enveloped DNA virus that
undergoes reverse transcription during its life cycle (Ga-
nem, 1996). It is a common infectious agent that can
cause chronic hepatitis, cirrhosis, liver failure, and he-
patocellular carcinoma, and it is responsible for more
than 1 million deaths worldwide each year (Hollinger,
1996). A histological hallmark of chronic HBV infection is
the so-called ground glass cell, which is an altered
hepatocyte with markedly proliferated intracellular mem-
branes derived from the endoplasmic reticulum (ER),
intermediate compartment, or both (Gerber and Thung,
1985). Within these membranes are spherical and fila-
mentous particles that comprise the viral surface (enve-
lope) proteins, especially the large surface protein (LS).
From studies of transfected cells in culture, all forms of
the HBV surface protein are known to be targeted to the
ER as a transmembrane protein and then to bud into the
lumen as subviral particles. These particles are secreted
via the constitutive secretory pathway, unless they con-
tain a significant amount of LS. In the latter case, the
particles accumulate in a pre-Golgi compartment, either
the distal ER or the intermediate compartment (Chisari et
al., 1986; Ou and Rutter, 1987; Persing et al., 1986; Xu et
al., 1997a). Ground glass cells apparently result from the
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420overexpression of LS in the infected hepatocyte due to
dysregulated viral gene expression.
It is well known that when the flux of proteins through
the ER exceeds the capacity of ER-resident chaperones
to fold them (a condition called ER stress), a signal is
conveyed to the nucleus to increase the transcription of
genes coding for ER chaperones, such as GRP78 (BiP)
and GRP94 (Little et al., 1994). We have previously shown
that the expression of LS causes ER stress in that it
activates the transcription of the GRP78 and GRP94
genes (Xu et al., 1997b). To determine whether there also
is a signaling pathway from the ER to activate lipogenic
gene expression and to induce ER membrane synthesis,
we examined whether LS has the ability to increase the
transcription of lipogenic genes. Our results indicate that
LS activates two promoters of genes necessary for fatty
acid and cholesterol biosynthesis and that this effect is
partially mediated by the transcription factor NF-Y, which
is also necessary for activation of genes encoding ER
chaperones by ER stress. Notably, however, other agents
that cause ER stress do not activate lipogenic genes,
showing a divergence in the signaling pathways involved
in activating the genes for ER chaperones and for lipid
synthetic enzymes.
RESULTS
We used transient transfections into cultured cells as
our assay system. Typically, two plasmids were cotrans-
fected: one that expresses the LS, and another that
contains the CAT reporter gene under the control of a
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421ACTIVATION OF LIPOGENIC GENES BY HBVtest promoter. The amount of CAT activity in the trans-
fected cells was compared with the activity in cells trans-
fected with a mutated expression vector in which the LS
open reading frame has been altered by a frame-shift
mutation to determine the effect of LS on the promoter
being tested.
To test the effect of LS on promoters of lipogenic
genes, plasmids containing the chloramphenicol acetyl-
transferase (CAT) gene driven by the rat fatty acid syn-
thase (FAS) and farnesyl diphosphate synthase (FPPS)
promoters (Fig. 1) were used. FAS and FPPS are en-
zymes in the biosynthetic pathway for fatty acids and
cholesterol, respectively. As seen in Fig. 2, these promot-
ers were activated 5-to 6-fold by LS in HuH-7 hepatoma
cells. This effect is not nonspecific, because the SV40
enhancer/early promoter was not activated (data not
shown; see also Xu et al., 1997b). Slightly greater activa-
ion of the FAS and FPPS promoters was seen in CV-1
onkey kidney cells (Fig. 2), showing that the effect is
FIG. 1. Sequences of the FAS and FPPS promoters used in the CAT
eporter plasmids (Moustaid et al., 1993; Spear et al., 1992). The
ocation of the CCAAT and SRE elements in the FAS promoter (Bennett
t al., 1995; Roder et al., 1997) and of the two CCAAT elements in the
PPS promoter (Ericsson et al., 1996) is shown, as are the sequences
of the clustered point mutations.ot species or cell type specific. This is the expected
esult, because ER proliferation in response to LS ex-pression has been seen in mouse hepatocytes, human
hepatoma cells, and even in yeast cells (Biemans, 1991;
Chisari et al., 1986; Xu et al., 1997a).
Both the FAS and FPPS promoters are activated by
sterol depletion, via the sterol response element binding
proteins binding to the sterol response element present
in each promoter (Bennett et al., 1995; Ericsson et al.,
1996). The experiments shown in Fig. 2 were performed
in the presence of excess added cholesterol and 25-
hydroxycholesterol to maintain a steady supply of exog-
enous sterols. Therefore we can rule out the possibility
that LS expression activates the FAS and FPPS promot-
ers indirectly by the depletion of intracellular cholesterol
due to the formation of intraluminal lipid-containing LS
particles.
The increased transcription of ER chaperones by LS
and other inducers of ER stress is mediated in part by the
ubiquitous transcription factor NF-Y (Roy and Lee, 1995;
Xu et al., 1997b). The FAS and FPPS promoters both
contain a CCAAT element that binds NF-Y (Ericsson et al.,
1996; Roder et al., 1997). Therefore we tested whether
these elements are also involved in activating the FAS
and FPPS promoters in response to LS. We first mutated
the CCAAT element of the FAS promoter and tested the
response of the mutated promoter to LS. This mutant is
only minimally activated by LS (Fig. 3). In contrast, mu-
tation of the sterol response element in the FAS promoter
results in no significant change in its responsiveness to
LS (Fig. 3), showing the specificity of the CCAAT muta-
tion. Therefore NF-Y appears to be important for the
activation of the FAS promoter by LS.
Unexpectedly, mutation of the known NF-Y binding site
in the FPPS promoter (site 1, Fig. 1) did not abrogate the
ability of this promoter to respond to LS (Fig. 3). However,
visual scanning of its sequence reveals that this pro-
moter contains an additional CCAAT element, in the
opposite orientation, that may potentially bind NF-Y (site
2, Fig. 1). To determine whether this is a bona fide NF-Y
FIG. 2. Effect of LS on the FAS and FPPS promoters. Cells were
transfected with CAT reporter plasmids under the control of the FAS or
FPPS promoters (Fig. 1), together with a plasmid that expresses LS.
The amount of CAT activity 2 days after transfection was divided by the
amount of CAT activity in cells cotransfected with a mutated plasmid
that does not express LS. The results represent the mean 6 SD of three
independent transfections.
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422 FOO AND YENsite, we performed electrophoretic mobility shift assay
(EMSA) with a radiolabeled probe that contains this se-
quence. As shown in Fig. 4, lane 2, a shifted band was
formed in the presence of nuclear extracts. This is a
specific band, because it was completed by excess
unlabeled oligonucleotide of the same sequence (lanes
4 and 5) but not by an irrelevant oligonucleotide (lanes 8
and 9). Furthermore, this band is formed by the binding of
this probe to NF-Y, because a different CCAAT oligonu-
cleotide that is known to bind NF-Y competed as well as
the homologous oligonucleotide (lanes 6 and 7) and
because antibodies to the B subunit of NF-Y “super-
shifted” the band (lane 3).
The identification of this second NF-Y site provides a
possible explanation for the apparent lack of a role for
NF-Y in LS activation of the FPPS promoter (i.e., the
presence of either CCAAT element is sufficient for this
promoter to respond to LS). To test this hypothesis, we
mutated both elements in the FPPS promoter (Fig. 1) and
examined the effect of LS on the double mutant. As
shown in Fig. 3, this double mutant is only minimally
activated by LS, confirming that NF-Y plays an important
role in the activation of both the FAS and FPPS promoters
FIG. 3. Effect of LS on FAS and FPPS promoter mutants. Cells were
transfected as in Fig. 2, except that in the indicated experiments mutant
promoters were used to drive the CAT gene. For sequences of the
mutations, see Fig. 1. The results represent the mean 6 SD of three
independent transfections.by LS.
Because NF-Y is known to be one of the key transcrip-tion factors necessary for the induction of the ER chap-
erones GRP78 and GRP94 by LS and other inducers of
ER stress (Roy and Lee, 1995; Xu et al., 1997b), our
results suggest that perhaps the same intracellular sig-
naling pathway is used to induce the synthesis of both
the ER chaperones and lipid biosynthetic enzymes. If
such were the case, then all known inducers of ER
chaperones should also induce the lipid biosynthetic
enzymes. We therefore tested two such inducers, namely
the hepatitis C virus E2 protein (Liberman et al., 1999)
and tunicamycin (Little et al., 1994). However, neither the
transfection of an E2-expressing plasmid nor treatment
with tunicamycin had any significant effect on either the
FAS or FPPS promoter (Table 1). Therefore distinct sig-
naling pathways must activate transcription of the ER
chaperones and the lipid biosynthetic enzymes, despite
the involvement of NF-Y in both pathways.
DISCUSSION
Eukaryotic cells are able to sense changes in the
internal and external environments and adjust the pat-
tern of gene expression accordingly to maintain ho-
meostasis. As part of this process, when the flux of
FIG. 4. EMSA of FPPS site 2. A 32P-labeled oligonucleotide spanning
ite 2 of the FPPS promoter (Fig. 1) was electrophoresed on a nonde-
aturing polyacrylamide gel, with or without nuclear extracts (lanes 2
nd 1, respectively). In lane 3, polyclonal antibodies to NF-Y were
reincubated with the nuclear extracts, resulting in the presence of a
supershifted” band (*). The relatively weak intensity of the supershifted
and compared with the shifted band in lane 2 reflects the fact that
ome but not all of the antibodies in the antiserum interfere with NF-Y
NA binding (Mantovani et al., 1992). In the remaining lanes, 20- or
100-fold excess unlabeled oligonucleotides were included in the mix-
ture as competitor. In lanes 4 and 5, the competitor was the homolo-
gous site 2 oligonucleotide; in lanes 6 and 7, it was the known NF-Y
binding site from the HBV S promoter (Lu et al., 1995); and in lanes 8
and 9, it was an irrelevant element from the serum amyloid A promoter
(Ray and Ray, 1998). The experiment was performed twice with similar
results.
C
C
w
423ACTIVATION OF LIPOGENIC GENES BY HBVproteins going through the ER exceeds the capacity of
resident chaperones to fold the newly synthesized pro-
teins, a signal is generated to increase the transcription
of the chaperones (Little et al., 1994). We previously
showed that HBV LS particles accumulate in the distal
ER and activate this ER stress pathway (Xu et al., 1997b).
Here we present data showing that LS also increases
the transcription of two genes coding for enzymes nec-
essary for lipid synthesis. This effect presumably ac-
counts in part for the greatly expanded ER membranes
seen in hepatocytes with accumulated LS particles.
However, regulation of the chaperone proteins and the
lipogenic enzymes appears to occur via distinct path-
ways, despite the fact that the transcription factor NF-Y is
necessary for both processes, because other inducers of
chaperones do not induce the lipogenic enzymes. Thus it
is likely that NF-Y plays only a permissive role in the
induction of gene expression. This conclusion is in ac-
cord with the observations that NF-Y is widely expressed
and binds to a wide variety of cellular promoters (Man-
tovani, 1999) and that cis-elements other than the CCAAT
box are necessary for the induction of chaperones by ER
stress (Roy and Lee, 1999). Indeed, Roy and Lee 1999
recently defined a 14-residue consensus sequence im-
mediately adjacent to the CCAAT element that is neces-
sary for activation of chaperones by ER stress, and this
sequence (CGGCGGCGGCCACG) is not present in either
the FAS or FPPS promoter (see Fig. 1).
The pathway via which ER stress induces chaperone
gene transcription is relatively well understood in the
yeast Saccharomyces cerevisiae. An ER transmembrane
kinase (Ire1p) is activated by unfolded proteins in the
lumen and becomes competent to excise an unconven-
tional intron in the mRNA for Hac1p, a transcription factor
that activates the promoters of various chaperone genes
by sequence-specific DNA binding (Cox and Walter,
TABLE 1
Effect of Tunicamycin and Hepatitis C Virus E2 Protein
on FAS and FPPS Promoters
Promoter
ER-stress inducing agent
Tunicamycina E2 proteinb
FAS 1.2 6 0.3 1.1 6 0.1
FPPS 1.7 6 0.5 1.2 6 0.1
GRP78 4.3 6 0.2 4.8 6 0.7
a Tunicamycin was added to cells transfected with the appropriate
AT plasmid at a concentration of 10 mg/ml at 15 h before harvesting.
AT activity in these cells was normalized to activity in cells treated
ith DMSO alone.
b Cells were cotransfected with the appropriate CAT plasmid and an
expression plasmid for E2 protein or the CAT plasmid and pUC18. CAT
activity in the former cells was normalized to activity in the latter cells.1996; Kawahara et al., 1998; Sidrauski and Walter, 1997).
There is controversy as to whether this pathway is alsonecessary for increased ER membrane synthesis in re-
sponse to increased ER flux. Cox et al., (1997) found that
yeast cells lacking Ire1p die on overexpression of HMG-
CoA reductase, a membrane protein that induces ER
proliferation, presumably because of an inability to in-
duce sufficient membrane area to accommodate the
protein. On the other hand, Menzel et al., (1997) found
that Ire1p-negative cells can overexpress another trans-
membrane protein, cytochrome P450 52A3, and that they
still show ER membrane proliferation. The reason for this
apparent discrepancy is not clear but points to the likely
existence of a second pathway that senses the load of
ER proteins independently of their folding status. Our
results support this hypothesis, because tunicamycin
and hepatitis C virus E2 protein, two agents that induce
ER stress, do not activate the transcription of the lipo-
genic genes. Interestingly, two different mammalian ho-
mologues of Ire1p have been cloned (Tirasophon et al.,
1998; Wang et al., 1998), consistent with multiple path-
ways emanating from the ER that can potentially regulate
the expression of different sets of genes. Therefore fur-
ther work will be necessary to dissect the molecular
mechanism of this homeostatic pathway. In any case, our
results demonstrate that LS has multiple effects on host
cell physiology and hence may play an important role in
HBV pathogenesis.
MATERIALS AND METHODS
Plasmids. The plasmid pFAS (2246) CAT, which con-
tains the rat FAS promoter from 2246 to 118 relative to
the major transcription start site (Moustaid et al., 1993),
was kindly provided by Dr. Steve Clarke (University of
Texas at Austin). This plasmid was used as template for
the PCR-amplification of the FAS promoter fragment from
2150 to 118, using the primers 59-ACGCGTCGACAT-
CACCCCACCGACG and 59-CTAGTCTAGACGCTGCTGC-
CGTGTGTGT. The fragment, after digestion with SalI and
XbaI, was cloned directionally between the SalI and XbaI
sites of pCAT-Basic (Promega, Madison, WI). The result-
ing plasmid contains the FAS promoter driving expres-
sion of the CAT gene. Primers with the sequences 59-
ACGCGTCGACCCTTTCATTGGCCAGTCGTCACAA and
59-TGCTCTAGACTTCAACGCGGATTC were used to gen-
erate a FPPS promoter fragment (2293 to 228 relative to
the initiation codon) (Spear et al., 1992) by PCR and
similarly inserted into pCAT-Basic. However, the tem-
plate for the PCR reaction was rat genomic DNA, ex-
tracted from RNK cells. Both promoter fragments were
entirely sequenced to confirm the lack of mutations gen-
erated during PCR.
Specific clustered mutations of the promoter se-
quences in the above plasmids were generated by two-
step PCR with mutagenic oligonucleotides, using pub-
lished protocols (Ge and Rudolph, 1997). The DNA se-
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424 FOO AND YENquence of each mutant clone was confirmed by
sequencing the entire PCR-generated fragment.
The plasmid that expresses the HBV LS protein
(pCMVLM2S2) and the derivative with a frame-shift
mutation in the LS gene (pCMVL2M2S2) have been
previously described (Xu et al., 1997a). The plasmid that
expresses the hepatitis C virus E2 protein (Liberman et
al., 1999) is a kind gift of Dr. Mark Selby (Chiron Corp.).
Cells and transfection. HuH-7, a well-differentiated hu-
man hepatoma cell line free of endogenous HBV DNA,
and CV-1, a green monkey kidney cell line, were grown in
DMEM with high glucose and 10% fetal bovine serum
under an atmosphere of 93% air–7% CO2. Cells were
transfected in 60-mm plates by the calcium phosphate
coprecipitation method (Gorman, 1985). Each plate was
transfected with 5 mg of plasmids for 6 h and then refed
with fresh medium supplemented with 10 mg/ml choles-
terol and 1 mg/ml 25-hydroxycholesterol. On the second
day after transfection, the cells were harvested, and
lysates were analyzed for CAT activity with thin-layer
chromatography (Gorman, 1985). In selected experi-
ments, the cells were treated for 15 h with 10 mg/ml
unicamycin before harvesting.
Electrophoretic mobility shift assay. Nuclear extracts
from Huh-7 cells were prepared using published proto-
cols (Dignam et al., 1983). EMSA was carried out as
previously described (Lu et al., 1995) with minor modifi-
cations. Thirty microliters of nuclear extract was mixed
with 1 ml of 200 ng/ml poly(dI dC) (Boehringer-Mann-
heim, Indianapolis, IN) and about 50 fmol (30,000–40,000
cpm) of 32P-labeled double-stranded oligonucleotides
(Sambrook et al., 1989) with the top-strand sequence of
59-TCATTCAGCCAATCAGCGAACT. The mixture was in-
cubated at room temperature for 30 min before it was
electrophoresed in a 6% polyacrylamide gel in Tris–
Borate–EDTA buffer at 150 V for 1.5 h. For competition
EMSA, 20- and 100-fold excesses of unlabeled oligonu-
cleotides were added to the mixture before incubation.
For “supershifting,” 2 mg of rabbit polyclonal antibodies to
NF-YB (Mantovani et al., 1992) (a kind gift from Dr. R.
antovani, University of Milan, Italy) was preincubated
ith the nuclear extracts for 30 min on ice before the
ddition of the other components.
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